Engineering desired operations on qubits subjected to the deleterious effects of their environment is a critical task in quantum information processing, quantum simulation and sensing. The most common approach relies on open-loop quantum control techniques, including optimal-control algorithms based on analytical 1 or numerical 2 solutions, Lyapunov design 3 and Hamiltonian engineering
, although these require larger and increasing qubit overheads. Increasing the number of fresh ancillas enables protection beyond their coherence time. We further evaluate the robustness of the feedback protocol, which could be applied to quantum computation and sensing, by exploring a trade-off between information gain and decoherence protection, as measurement of the ancilla-qubit correlation after the feedback algorithm voids the protection, even if the rest of the dynamics is unchanged.
To demonstrate coherent feedback with spin qubits, we choose two of the most common tasks for qubits-implementing the no-operation (NOOP) and NOT gates, while cancelling the effects of noise. A simple, measurement-based feedback scheme, exploiting one ancillary qubit, was proposed in ref. 15 . The correction protocol (Fig. 1a) works by entangling the qubit-ancilla system before the desired gate operation. By selecting an entangling operation U c appropriate for the type of bath acting on the system, information about the noise action is encoded in the ancilla state. After undoing the entangling operation, the qubit coherence can be restored by a feedback action, that is, by measuring the ancilla and applying a correction operation U q on the qubit based on the measurement result. Although this scheme applies to a broad class of environments, in the case of dephasing noise, the existence of the appropriate unitaries, U c = σ x and U q = σ z (where σ α are Pauli matrices), has been proven 15 . The principle of deferred measurements 16 allows postponing measurements until the end of a quantum algorithm. Here it enables replacing the ancilla measurement and classical feedback by coherent conditional gates. The final qubit state is then completely decoupled from the bath effects, which are instead imposed on the ancilla. Because the scheme is compatible with any gate that commutes with U c , it is more flexible than dynamical decoupling techniques. Another advantage is that the scheme is valid independently of the characteristic timescale of the bath and thus it can be used even in the presence of a Markovian bath for which dynamical decoupling fails. These two advantages enable the use of the feedback scheme for sensing, for example to detect transverse magnetic fields or, by a simple modification of the algorithm, to protect the sensing qubit from bit-flip errors while detecting fields aligned with the z quantization axis [17] [18] [19] . We demonstrated experimentally this feedback-based protection algorithm with a spin system associated with a single nitrogenvacancy (NV) centre in diamond. This system has emerged as a good candidate for quantum information processing, because its electronic spin-1 can be optically polarized and measured, and presents long coherence times even at room temperature. Here we use an auxiliary qubit associated with the 14 N nuclear spin-1 of the nitrogen vacancy, to protect the coherence of the NV electronic spin against dephasing noise. The Hamiltonian of the electronic-nuclear spin system is where S and I are the electron and nuclear spin operators, respectively, Δ = 2.87 GHz is the electronic zero-field splitting and Q = −4.95 MHz is the nuclear quadrupolar interaction. The two spins are coupled by an isotropic hyperfine interaction with a longitudinal component A = −2.16 MHz and a transverse component 20 Β = −2.62 MHz that can be neglected to first order. A magnetic field is applied along the NV crystal axis [111] to lift the degeneracy of the m S = ±1 level, yielding the electron and nuclear Zeeman frequencies ω e and ω n , respectively. In the experiment, we use a subspace of the total system representing a two-qubit system. For convenience, we choose the space spanned by the four levels {|m S , m I 〉 = |0, 1〉, |0, 0〉, |−1, 1〉, |−1, 0〉}. The effective Hamiltonian can then be rewritten by using spin-1/2 operators and simplified by transforming to a rotating frame at the resonant frequency of the qubit (Δ − ω e ) and the ancilla (ω n + Q):
. In our high-purity diamond sample, decoherence processes of the electronic spin can be mainly attributed to a bath of spin-1/2 13 C nuclei in the lattice (1.1% natural abundance), yielding a short dephasing time
. We neglect the interaction between the bath and the ancillary spin, which couples very weakly to any source of magnetic field noise; indeed, the much longer coherence time of the 14 N spin,
, is limited by the NV electronic spin relaxation and not by the 13 C bath. In the experiment, the electronic spin qubit is initialized into the m S = 0 state by optical excitation at 532 nm. At the chosen magnetic field strengths (390-510 G), optical pumping also polarizes the nuclear spin into the m I = +1 state, owing to resonant polarization exchange , we implement the feedback-based protection algorithm using the control operations shown in Fig. 1b . Gate operations on the qubit and ancillary spins are performed by external microwave and radio-frequency fields 22 , respectively (see Methods). Because the noise is dephasing in nature, the feedback-based protection algorithm requires the entangling gate to be a controlled-NOT gate, U c = σ x , while the coherent feedback gate is implemented by a controlled Pauli-Z gate, U q = σ z (see Fig. 1a and Methods). Finally, the qubit state is optically read out by monitoring spin-state dependent fluorescence.
We measure the fidelity of the NOOP and NOT gates while varying the protection time τ. As shown in Fig. 2a , the feedback algorithm protects the qubit coherence against the noise created by the 13 C nuclear spin bath for times τ > 1 ms, much longer than the dephasing time. The spin bath in this experimental system is non-Markovian and so dynamical decoupling techniques would reach similar protection times, as previously demonstrated 23 ; however, unlike dynamical decoupling, this method would also be effective in the Markovian noise regime, with its ultimate limit set only by the coherence time of the ancillary spin and the qubit relaxation. This limit could be overcome by re-initializing the ancilla or, if additional ancillas (such as nearby 13 C spins) are available, by repeating the algorithm with fresh ancillas, or by concatenating layers of protections against multi-axis noise (see Methods). Moreover, our scheme is more flexible than other protection schemes, including coherent transfer to the ancilla qubit 24 , as it allows the application of some gate operations on the qubit 15 . For example, in our implementation, the qubit was evolving under the action of the hyperfine coupling, as indicated by the coherent oscillations of the fidelity (these oscillations could be removed by an adequate timing choice). In addition, we can implement a gate on the qubit, for example a NOT gate, during the feedback-based protection algorithm (Fig. 2d) , without degrading the protection, even at times much longer than the gate itself and independent of the time at which the gate is performed (see Methods).
The success of the feedback-based protection algorithm relies on the fact that the increased qubit entropy, due to the coupling to the environment, is dumped on the ancilla. This entropy transfer could be revealed by measuring the state of the ancilla, which would yield information about the noise, while preserving the qubit state. If, instead, information about the ancilla is collected by a correlated qubit-ancilla measurement, the protection fails 25 , as would happen in a measurement-based feedback for an imperfect ancilla read-out. Here we investigate this trade-off between the protection power and information gain on the ancilla in two different experiments. First, we transfer a part of the ancilla entropy back to the qubit by using a conditional gate that maps the state of the ancilla onto the qubit, correlating the two qubit states. By changing the angle of rotation of the conditional gate we vary the strength of the ancilla measurement from a weak to a strong one. As more information about the ancilla is acquired, the fidelity of the protection gate decreases (Fig. 2b) . Note that we can combine the conditional gate performing the weak measurement of the ancilla state with the last conditional Z-gate of the algorithm, thus in practice performing a conditional phase-shift gate. The qubit fidelity is maximized when the conditional gate performs the required π rotation on the qubit, whereas it decreases when a different phase rotation is used.
Although this experiment clearly shows that the effectiveness of the protection is lost when a measurement of the ancilla-qubit correlation is performed, we can show that similar results also arise naturally from non-ideal experimental measurement conditions. We thus repeated the experiment at a different magnetic field, for which our signal-the fluorescence intensity-carries information about the state of both the qubit and the ancilla, and their correlation. At low magnetic field, we can approximate the normalized measurement operator by = | 〉〈 | ⊗ M 0 0 0 ; however, for magnetic fields close to the excited-state level anti-crossing (Β ≈ 500 G such that the Zeeman energy ω e is close to the excited-state zero-field splitting Δ e ≈ 1.4 GHz) the normalized observable is ε η − ( | 〉〈 |+ | 〉〈 |) M 10 10 00 00 0 , where ε and η account for the fact that each electronic-nuclear spin level considered has a different fluorescence emission intensity due to the excited state dynamics 26 . Because the measurement observable at this magnetic field contains partial information about correlations between the qubit and ancilla states, the qubit fidelity at long times is reduced (Fig. 2a) , reflecting the effects of the noise acting on the qubit. We thus reveal a trade-off between the amount of information acquired about the ancillary system and the protection that it provides to the qubit. In addition, we single out a measurement of the ancilla alone, without qubit-ancilla correlations, by comparing the signal acquired so far with the signal after the qubit is rotated by a π pulse just before detection. If the measurements were independent of the state of the ancilla, the average of . Amid entangling gates between qubit ('q') and ancilla ('a'), the qubit is subjected to noise (lightning bolt) and possibly unitary gates U. We assume the ancilla is not affected by the bath ('b'), yielding
, with U qb (τ) the qubit-bath joint evolution. Given a dephasing bath, we set the entangling gate to U c = σ x (conditional-NOT gate). More generally, upon undoing the entangling operation, the system is left in the state act on the bath only, and U q acts on the qubit only. After measuring the ancilla, we could use a feedback operation U q to restore the correct qubit state. The ancilla measurement is replaced by coherent feedback (shaded region) obtained by a controlled-correction gate (here U q = σ z (Z) for dephasing noise). The final state of the combined system is then
, which reveals how the qubit is now decoupled from the bath. d, Experimental implementation. The laser excitation polarizes both spins. Black sinusoidal lines refer to selective microwave (MW) pulses acting only in the m I = 1 manifold (thus mimicking controlled-NOT gates); solid bars indicate non-selective pulses. The radio-frequency (RF) excitation describes selective pulses in the m s = 0 manifold. We use π/2 rotations about x to approximate Hadamard gates. To implement a non-selective radio-frequency π/2 gate on the nuclear spin we embed a non-selective microwave π pulse into two consecutive radio-frequency π/2 pulses. The controlled-correction gate is implemented by free evolution (t z ) under hyperfine coupling.
Letter reSeArCH the two experiments should not vary in time (because it corresponds to measuring the identity operator); indeed, this is what we observed in experiments performed at the lower magnetic field (Fig. 3a, c) . By contrast, for a magnetic field close to the level anti-crossing, the presence of oscillations indicates that we can extract information about the ancilla. However, at times longer than the qubit dephasing time, the state of the ancilla has completely decohered ( Fig. 3b, d ), thus quenching these oscillations.
In conclusion, we performed coherent feedback control on a single solid-state qubit associated with the NV centre in diamond. The feedback algorithm was applied to protect the qubit coherence, while performing two essential qubit gates-NOOP and NOT gates-during the protection time. We showed that this feedback-based protection algorithm protects the qubit coherence far beyond the dephasing time of the qubit, even if no active control is applied to decouple it from the noise. The algorithm can be extended to applications in quantum information processing and quantum sensing, and it could be implemented in many other hybrid spin systems, such as phosphorus 27 or antimony 28 donors in silicon, defects in silicon carbide 29 , or quantum dots 30 . Because we applied a coherent feedback protocol, thus avoiding measurement of the state of the ancilla, the decoherent effects of the bath are effectively stored in the ancilla. Consequently, we were able to explore an interesting compromise between the amount of information gained about the ancilla and the effectiveness of the protection To highlight the differences while taking into account different photoluminescence intensities at the two fields, we normalized all the data so that at short times the signal has the same (maximum) contrast. d, Protected NOT gate (red circles). The coherence of the qubit is protected for a time longer than the dephasing time ( ⭑ τ > T 2e ) even when a NOT gate is applied. We compare the dynamics to the NOOP dynamics (black squares), demonstrating that the NOT gate inverts the state of the qubit, as indicated by the out-of-phase oscillations. e, Weak measurement of the ancilla. Normalized photoluminescence signal after a protection time τ = 8 μs, as a function of the strength of the ancilla measurement. In the experiment, we vary the strength of the ancilla measurement by changing the angle of the last controlled phase rotation gate by varying its time. All error bars represent the standard deviation of the signal, calculated by error propagation from the photoluminescence intensity of the signal and of reference photoluminescence curves acquired for each data point for m S = {0, −1}. The lines are fits to the model presented in Methods. G; a, c) , the average signals (red lines, obtained from the fits to the data) exhibit only weak oscillations, indicating that at this field the measurement carries very little information about the ancilla state. For magnetic fields close to the level anti-crossing (B = 514 G; b, d), the oscillation of the average signal is more pronounced and is observed until ⭑ τ < T 2e , whereas it disappears at longer times. This signal behavior is an indication that the ancillary spin effectively decoheres on the ⭑ T 2e timescale as a result of the feedback algorithm.
Letter reSeArCH algorithm. These results contribute to elucidating the robustness of feedback control and to paving the way for a more widespread adoption of close-loop control strategies for solid-state qubit systems.
Online Content Methods, along with any additional Extended Data display items and Source Data, are available in the online version of the paper; references unique to these sections appear only in the online paper. 
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Measurement-based versus coherent feedback. In feedback protocols, the goal is to control an open system (the plant) so that it undergoes a desired evolution or it reaches a desired state. To achieve this goal, feedback protocols engineer a second system (the controller) connected to the plant. In quantum feedback there are two possible strategies. In the first strategy, we measure the plant output and engineer a classical controller that manipulates the plant according to the measurement result (this is called a measurement-based feedback protocol). In the second strategy, the controller is a second quantum system, coherently coupled to the plant. This strategy, called coherent feedback 9
, allows avoiding measurements. The controller can gain information about the plant state by coherent operations, sharing information about the state via entangling operations. Then, the controller can manipulate the plant on the basis of this information to achieve the desired plant dynamics, by performing conditional operations on the plant.
Although the first strategy is more intuitive and closer to the classical scenario, coherent feedback is more intriguing, both from a theoretical point of view, owing to its relation to information and entanglement theory, and from an experimental one, because avoiding measurements often simplifies the experimental implementation. In addition, coherent feedback formally encompasses measurement-based feedback and, as we did here, a measurement-based protocol can be transformed into a coherent one. To clarify the two strategies, we present the feedback protocol we considered 15 using both strategies. In both protocols, the ancillary qubit is first prepared in a superposition state, so that the initial state of the combined system is Ψ Owing to the entanglement, information about the action of the bath is encoded in the state of the ancilla. Thus, in the measurement-based feedback algorithm, the ancilla state is measured (in the x basis) and, depending on the outcome, a classical control operation is applied to the qubit. We can rewrite the state just before the measurement as † † are operators acting on the bath only and U q is a unitary acting on the qubit. If the measurement of the ancilla yields the negative eigenstate, then we apply the correction operation U q , which is a unitary that depends on the type of bath that affects the qubit. In the simple noise model we considered above (unital noise with a stochastic Hamiltonian generator H r ∝ σ · n), the correction operation is U q = iσ · n.
In the experimental implementation, the main source of decoherence is dephasing noise; therefore, we fixed U c = σ x and U q = σ z . In a magnetometry scenario, when we want to correct for bit-flip errors while measuring longitudinal external fields, the gates would be U c = σ z and U q = σ x .
In the coherent feedback strategy, the measurement and classical correction operation are replaced by a coherent conditional operation (see Extended Data  Fig. 1a, b) . The measurement (that is, conveying information to an external observer) is not needed for the ancilla to be able to perform a correction operation, because the ancilla already encodes the necessary information about the qubit state and the action of the noise.
At the end of the feedback protocol, the ancilla can be recycled to perform a second round of protection, thus allowing the protection to be extended beyond the coherence time of the ancilla. In the current experiment, we could achieve the first strategy by using coherent polarization exchange between the nitrogen vacancy (NV) and 14 N spins at lower (or much higher) magnetic field, at which optical polarization leaves the nuclear spin untouched. After a first run of the algorithm (for a protection time ⭑ τ < T 2n ), we could swap the state of the NV electronic and nuclear spins, re-polarize the NV centre and swap back the state from the nuclear spin to the NV, before applying the feedback protection for another stretch of time. Alternatively, if the ancilla cannot be re-initialized, then we could use additional fresh ancillas (see Extended Data Fig. 1c) , for example, other 13 C nuclear spins in the lattice. If two ancillas are available, then we can construct a concatenated feedback algorithm (see Extended Data Fig. 1d ) that protects the qubit against multi-axis noise. The qubit is then protected against, for example, both dephasing (T 2 ) and depolarizing (T 1 ) noise. More broadly, the feedback-based protection algorithm could provide a first layer of protection against the strongest noise source, and be combined with more advanced quantum error-correcting codes (even on the ancilla itself) with the goal of achieving fault tolerance. Modelling of the time evolution of the qubit-ancilla system. We study the time evolution of the qubit during the algorithm under the effects of a bath, to better understand the action of the feedback-based protection algorithm and to obtain insight into its limits. Although in the experiment the spin bath is non-Markovian, we can use a simpler model with a Markovian bath to find an analytical solution, because it yields the same result up to a different form of the exponential decays.
In the model, we consider dephasing of the qubit and the ancilla, and the lattice relaxation of the qubit, characterized by the timescales ⭑ T 2e , ⭑ T 2n and T 1e , respectively. Letting ρ be a state of the qubit and the ancilla, the time evolution under the Markovian environment is determined by the Lindblad equation
where Given an initial state ρ 0 = |0〉〈0| e ⊗ |1〉〈1| n , the state after the NOOP gate for a protection time τ is The effectiveness of the feedback-based protection algorithm can be evaluated by measuring the probability of retaining the initial qubit state. The state fidelity is then given by the ideal normalized measurement operator
This result clearly indicates that the fidelity is not limited by the dephasing of the qubit ⭑ T 2e , but by that of the ancillary spin and the T 1e relaxation time of the qubit. If instead we measure the normalized observable at the magnetic field corresponding to the excited-state level anti-crossing (ESLAC), then we gather some information about the ancilla, resulting in a degradation of the protection 
Letter reSeArCH
Although the first line still indicates that the state is protected by the presence of the ancilla, terms in the other lines, which decay at the rate of ⭑ T 2e , originate from the measurement of the ancilla spin and can be observed as a reduction of the oscillations of signal in the experiment.
In the main text we showed that it is possible to perform a NOT gate during the protection time. Because the gate time is typically short (58 ns in our experiments), we studied the subsequent evolution of the qubit, to show that its coherence is preserved for times longer than the dephasing time,
. In addition, it is possible to insert the NOT gate at any point during the protected evolution. Owing to the coupling with the ancilla qubit, the resulting signal is
where τ π is the time at which the NOT gate is applied (with τ the total protection time). This expression was used to fit the experimental results obtained in the main paper and the data presented in Extended Data Fig. 2 . Weak measurement of the ancilla-qubit correlation. To observe the compromise between protection and information gained on the ancillary qubit, we perform a weak measurement of the nuclear-electronic spin correlation by applying a conditional gate after the feedback algorithm and before the detection of the NV electronic spin by optical read-out. As shown in Extended Data Fig. 3a , the weak measurement could be obtained by applying a conditional rotation of the NV electronic spin, after that spin had been rotated back to its population state by a π/2 pulse. The rotation angle φ determines the strength of the measurement. However, these additional gates can be avoided by noting that the circuit is equivalent to replacing the conditional π Z-gate with a conditional θ Z-gate, where θ = π/2 −φ sets the measurement strength; see Extended Data Fig. 3b .
The state after the feedback algorithm is Although for θ = π (α = 0) we recover the ideal fidelity, protected against the electron dephasing noise, when θ ≠ π we perform a partial measurement of the ancilla, but the signal now decays according to the time constant ⭑ T 2e . Experimental set-up. Experiments were performed using an electronic-grade single-crystal diamond plate provided by Element 6, with [100] orientation and a nominal nitrogen concentration of less than 5 parts per billion. A home-built confocal microscope was used to scan the sample (scanning piezo stage Nano-3D200, Mad City Labs) and to measure a single naturally occurring NV centre situated about 10 μm from the surface of the diamond. The NV centre is coherently excited by an optical pulse at 532 nm provided by a diode-pump laser (Coherent Compass 315M) and shaped by an acoustic optical modulator (AOM) with rise time ≤7 ns (1250C-848, Isomet), and then delivered by means of a 100× oil immersion objective lens with numerical aperture NA = 1.3 (Nikon Plan Fluor). The fluorescence by the NV centre is collected by the same objective lens and then sent to a single-mode broadband fibre of NA = 0.12 (Font Canada), being connected to a single photon detector (SPCM-AQRH-13-FC, Perkin Elmer). An arbitrary waveform generator (AWG) with 1.2 GS s −1 (AWG5014B, Tektronix) plays a central role in generating microwave and radio-frequency pulses, as well as timing the AOM and the single-photon detector. Microwave pulses are shaped by mixing the signal from the AWG with a carrier microwave field provided by a signal generator (N5183A-520, Agilent) with the aid of an I/Q mixer (IQ-0318L, Marki Microwave), and then cleaned up by a switch (ZASWA-2-50DR+, Mini-Circuits); radio-frequency pulses are directly generated by the AWG. The microwave pulse and radio-frequency pulses are combined after amplification (GT-1000A, Gigatronics for microwave and LZY-22+, Mini-Circuits for radio-frequency) and delivered to the sample via a thin copper wire with a diameter of 25 μs (Alfa Aesar). Dynamics and control of the two-qubit system. Hamiltonian of the NV-14 N system. The NV-centre spin system consists of the electronic spin (S = 1) and the nitrogen nuclear spin (I = 1) that interact strongly via the hyperfine coupling (A ≈ −2.16 MHz). A static magnetic field is applied to lift the degeneracy of the electronic m S = ±1 and nuclear spin m I = ±1 levels, thus yielding the Hamiltonian
where S and I are the electron and nuclear spin operators, respectively, Δ = 2.87 GHz is the electronic zero-field splitting and Q = −4.95 MHz is the nuclear quadrupolar interaction.
Here ω e/n = γ e/n B are the Zeeman energies, with the gyromagnetic ratios γ e = 2.8 MHz G -1 and γ n = −0.308 kHz G -1 for the electronic and nuclear spin, respectively.
We define one qubit in the electronic spin subspace as |m S = 0〉 ≡ |1〉 q and |m S = −1〉 ≡ |0〉 q . A second, ancillary qubit is defined in the subspace of the nuclear spin as |m I = +1〉 ≡ |1〉 a and |m I = 0〉 ≡ |0〉 a . Both spins are driven on-resonance on these selected transitions; therefore, we can neglect other parts of the Hilbert space and express the Hamiltonian in the rotating frame in the subspace of interest. We then rewrite the Hamiltonian in terms of spin-1/2 operators σ x y z , , e,n defined by the basis above as
The hyperfine interaction induces a frequency shift, thus enabling the selectivity of the microwave pulse to be adjusted by tuning the transition rate (Ω e ). A strong driving Ω = A 20 MHz e , is used to drive the qubit non-selectively for any ancilla state, whereas Ω = A 500 kHz e is used to drive the qubit selectively on the ancilla state, thus engineering conditional gates. The radio frequency is on resonance with the transition between |0, 1〉 and |0, 0〉. The transition rate is about Ω n = 20-40 kHz, which reflects an enhancement due to electronic virtual transitions mediated by the transverse component of the hyperfine coupling 20 . Because the nuclear Rabi transition rate is always smaller than the detuning given by the hyperfine interaction (Ω A n ), only selective driving of the ancillary spin is available and unconditional gates need to be engineered with composite pulses. Coherent control of the nuclear spin. The 14 N nuclear spin is coherently controlled by using a resonant radio-frequency field. In general, the nuclear spin state cannot be directly measured optically with high fidelity. Therefore, after driving the nuclear spin, we apply a gate to map the nuclear spin state to the NV electronic spin (Extended Data Fig. 4a ). To calibrate the quantum gates required for the feedback-based protection algorithm (π/2 rotation), we first characterize the nuclear spin by measuring the resonance frequency of the transition |1〉 q |1〉 a ↔ |1〉 q |0〉 a (Extended Data Fig. 4b ) and the nuclear Rabi oscillations (Extended Data Fig. 4c ). Despite the small gyromagnetic ratio of the nitrogen (γ n = 0.308 kHz G N spin under radio-frequency driving is relatively simple when the NV electronic spin is in one of the population states, further complications arise when the NV qubit is in a superposition state. These complications stem from the electronic spin decoherence and its evolution due to the radio-frequency driving and the hyperfine interaction.
For a typical nuclear spin gate, such as the π/2 rotation required for the algorithm, we need to consider the decoherence process of the electronic spin, which progresses at a faster rate ( ⭑ ≈ μ T 4 s 2e ) than the gate operation (t π ≈ 30 μs). In addition, we need to engineer unconditional gates, even when the driving field can only rotate the nuclear spin in one of the electronic spin manifolds. To protect the qubit state during the gate operation, a microwave π pulse is inserted in the middle of the radio-frequency pulse and is then compensated by adding a second microwave −π pulse at the end of the radio-frequency pulse. This procedure simultaneously solves the second issue, because it produces a non-selective gate. The Hamiltonian under the radio-frequency driving in the rotating frame is = + H H H RF with Ω σ ω φ Ω σ ( ) = − ( + )/ + . H t t cos 2 2 z x RF e,z e RF n n Here Ω e,z and Ω n are the coupling strength of the electronic spin and the nuclear spin with the longitudinal and transverse component of the radio-frequency field, respectively. We can neglect the coupling of the nuclear spin with the longitudinal component of the radiofrequency field and the transverse component of the radio-frequency effects on the electronic field, because at most it induces a resonance shift (Bloch-Siegert , whereas at B = 514 G, which is very close to the ESLAC, a strong dependence on the nuclear spin state is observed in both manifolds (right; indicated by the non-overlapping data). From these fluorescence measurements, we obtained the parameters (ε, η) used to model the measurement operator. In the experiments, the detection time delay and window were optimized to obtain the maximum contrast of the state at each magnetic field.
